ABSTRACT: Modular junctions have been associated with corrosion in total hip arthroplasty. In a small number of cases, disassociation of the femoral head from the stem following gross wear of the taper has been reported. The purpose of this study was to investigate the role of corrosion in the development of mechanical changes leading to disassociation. Twenty-one retrieved stems and heads of one design previously reported with head disassociation were identified in an IRB-approved database. Components were scored for corrosion and measured for material loss. Stem alloy hardness was measured. Parametric and non-parametric statistics were performed (a < 0.05). Seven of twenty-one stems demonstrated gross material loss of the stem taper and head disassociation. The maximum linear depth (MLD) of material loss on stem tapers without dissociation and all head bores was 7.63 AE 6.04 and 63.76 AE 60.83 mm, respectively. Hardness of the stem material was statistically distinct, but similar to other stem materials. Results suggest material loss via corrosion at the head bore loosens the taper lock, allowing relative motion leading to abrasive wear of the stem taper. All cases of disassociation occurred at greater than 65 months with a minimum of 50 mm of loss at on the head bore. It may be warranted to survey patients with systems reporting head disassociation; for this system, including recalled heads, risk appears to begin after 6 years in vivo. ß
The advent of modular head hip prostheses for total hip arthroplasty (THA) allowed for intraoperative flexibility and less invasive revision surgeries, which soon made modular head-neck junctions the standard. Nonetheless, modular junctions have become an area of increasing concern, with the literature reporting associated corrosion and fretting [1] [2] [3] [4] [5] as well as gross catastrophic failure. 6, 7 The severity and morphology of corrosion damage has been hypothesized to be functions of metallurgy, metal combination, surface topography, taper geometry, and flexural rigidity. [8] [9] [10] [11] [12] [13] Elevated metal ion levels, pseudotumors, and muscle tissue necrosis reported in metal-on-polyethylene constructs suggest that corrosion at the head-neck junction is sufficient to induce metal-related biological reactions without contributions from metal-on-metal articulation. 5, 14, 15 The mechanical implications of corrosion remain relatively underexplored, and primarily focus on corrosion induced fracture mechanisms. 7, 16, 17 One of the stems in the literature associated with frank disassociation in vivo is the Accolade TMZF; retrieved specimens exhibit substantial male taper abrasion following disassociation (Fig. 1) . 6, 18, 19 Some case reports have suggested the failure mode must involve corrosion and fretting of the stem taper, but the specific mechanisms remain undetermined. 6, 18, 20, 21 The goal of this study is to characterize corrosion damage to understand the role of corrosion leading to macroscopic stem taper failure, with ensuing head disassociation. It is hypothesized that corrosion of the head bore disrupts the integrity of the taper lock, permitting abrasive wear at the stem taper. This mechanism has implications for patient management; appropriate screening of patients may assist in mitigating the risk of failure.
METHODS
An IRB-approved retrieval database was queried for Stryker Accolade I constructs, consisting of head and stem pairs. A Stryker Meridian construct was also included as it demonstrated the failure via head disassociation and was made from the same low modulus titanium alloy, resulting in a total study cohort of 21 devices with a total of 7 devices retrieved due to disassociation of the head. A summary of the implant information is listed in Table 1 .
Devices were disinfected with a 48 h formalin soak. Prior to analysis, retrievals were gently cleaned with ammonia and soft cloths. Stem tapers and head bores were evaluated independently for fretting and corrosion using a modified Goldberg scale 22 with 0 indicating no damage with no implications for reduced device integrity and 3 indicating severe damage indicating a reduction in device integrity such that failure may be imminent. Each device was then measured for material loss using a coordinate measuring machine (CMM; Zeiss Contura G2, Oberkochen, Germany) with a 3 mm ruby stylus tracing 72 axial data measurement paths along the head bore or stem taper surfaces to create a point cloud of the retrieved taper surface. From this, the total volume lost (mm 3 ) and maximum linear depth (MLD; mm) from the original taper surface may be calculated using a validated computational approach. 23 Two stems with severe retrieval artifact and the seven stems showing gross taper failure were removed from this part of the analysis as there was no definable MLD.
Three of the twenty-one femoral heads were bivalved in order to characterize the damage on the taper surface under high magnification using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The bivalved heads were also used to validate the CMM derived material loss measurements by using white light interferometry (Zygo Corporation, Ametek, Inc., Berwyn, PA) independently. Validation measurements using interferometry were performed on both halves of the bivalved head. One of the three validation heads was initially coupled to a stem taper subsequently exhibiting gross taper failure. The measurement and validation techniques have been previously reported. 23 A stem showing gross taper failure was analyzed under optical microscopy for evidence of degradation mechanism.
The surface yield behavior of the stem material (i.e., hardness testing) was characterized on a Rockwell C scale. Hardness testing samples were taken from sections of a retrieved Accolade stem. Since the Accolade stems are made from a unique Ti alloy (TMZF), a sample was also taken from a conventional Ti6Al4V stem for comparison. An average was taken across 15 indentation measurements of each material.
Statistical analyses were performed using SPSS statistics (IBM, Armonk, NY). Data were checked for normality using a Shapiro-Wilk test. Any rating or non-normal data were represented as a median (low, high) and tested for significant differences using a paired-samples sign test with significance defined by a 0.05. Normal data were represented at mean AE standard deviation and tested for significance using an independent samples t-test.
RESULTS
The average in vivo duration of the retrieved implants was 69.7 AE 12.2 months. Seven of the twenty-one stem tapers demonstrated gross failure resulting in disassociation of the head; the mean duration in vivo of these seven implants was 69.5 AE 2.5 months. Gross taper failure was confined to male patients with þ4 mm or greater offset heads. Patient chart review and visual inspection of stems revealed all gross taper failures to be well-fixed in the bone ( Fig. 2A) . Overall, only 4 of the 14 implants with intact tapers survived greater than 65 months in vivo. Of these, two were removed for adverse reaction to metal of unspecified origin. The third was removed for infection and the fourth for loosening, further evidenced in the post-retrieval analysis by burnishing on the stem (Fig. 2B) .
The median corrosion and fretting scores on all the head bores were 2 (0,3) and 0 (0,1), respectively, (Fig. 3) on the head bore consistently revealed the area of greatest material loss as the inferior-distal portion of the engagement region (i.e., the portion of the head bore closest to the lesser trochanter). The mean volume loss and median MLD measured on the intact corresponding stem tapers was 0.11 AE 0.27 mm 3 and 7.63 AE 6.04 mm, respectively. The maximum linear depth measured on both the head bores and stem tapers correlated linearly with time in vivo (r ¼ 0.774, p < 0.001 and r ¼ 0.806, p ¼ 0.005, respectively; Fig. 4) .
Direct comparisons between CMM and white light interferometry taper profiles showed good agreement in maximum linear depth measurements. Median absolute error between the two techniques was measured to be 0.90 (0.43, 5.06) mm, consistent with prior validations establishing technique reliability of 3-5 mm, depending on the total loss. 23 The median taper angles for the head bores and stem tapers were 5.69˚(5.16, 5.82) and 5.61˚(5.52, 5.64), respectively, suggesting proximal taper engagement. These taper angle differences were not statistically significant (p ¼ 0.227) and some head-stem pairs exhibited distal engagement.
SEM images revealed scalloping features and pitting at the distal edge of taper engagement. Proximally, evidence of the original machining marks remained, but was interrupted by localized pits (Fig. 5) . EDS confirmed the presence of chromium orthophosphate on the distal portion of the head bore (Fig. 6 ), indicative of corrosion. 24, 25 Limited evidence of material transfer from the TMZF stem to the proximal portion of the head bore was observed in constructs with intact stem tapers (Fig. 7) . In contrast, a representative head bore from a construct with gross stem taper failure showed extensive material transfer from the TMZF stem to the head bore, as well as significant pitting attack on the underlying CoCrMo base metal (Fig. 8) . Optical microscopy of the failed stem taper showed evidence of abrasive wear, indicated by plowing of material at the sample surface (Fig. 9) .
The average hardness of the TMZF samples (32.1 AE 1.8 HRC) was statistically higher (p < 0.001) than that of the Ti6Al4V samples (29.4 AE 1.9 HRC). These magnitudes are consistent with reports in the literature for TMZF and annealed Ti6Al4V, [26] [27] [28] though wrought Ti6Al4V has been reported to measure a hardness of 37 HRC. 29 Thus the hardness of the TMZF alloy falls within the range typically exhibited by titanium alloys used to fabricate total hip stems. 
DISCUSSION
The objective of this study was to better understand the role of corrosion and material loss and their relation to in vivo construct failure. Examination of a single stem design with reports in the literature and instances within our own retrieval database of in vivo dissociation provided a mechanism for determining both time and corrosion extent thresholds to this failure mechanism. Even in cases of frank failure, analysis of the cobalt chromium femoral head provided information about the extent and progression of corrosion despite gross wear and disfigurement of the softer titanium taper.
In our series, seven devices failed via head disassociation following a minimum of 65 months in vivo. All disassociated devices were well-fixed with þ4 mm or greater offset v40 heads. Three case reports in the literature, reporting on a total of eight stems, also found that Accolade TMZF stems exhibiting in vivo disassociation had similar duration and offset values. 6, 18, 19 These case reports also note that all devices with disassociated heads were retrieved from male patients. Larger patients, typically males, may be implanted with devices with larger offsets for kinematic reasons. It is possible that a combination of these biomechanical factors contribute to failure risk. Two other clinical series, however, have reported a small number of head disassociations in devices with offsets under þ4. 21, 30 SEM and EDS analysis of the head bore showed clear evidence of material loss due to corrosion within the engagement region. The directionality associated with the scalloping at the distal edge of engagement may be indicative of mechanically assisted crevice corrosion, but there was only slight evidence of classical fretting or third body abrasive wear at the head bore as has been described and illustrated elsewhere. 31, 32 This analysis indicates that material loss at the head bore did not occur by mechanical fretting alone. Rather, corrosion plays a critical role in the material degradation at the head bore which may be assisted by fretting as described by Gilbert et al. 33 Extensive material transfer from the stem taper to the head bore was seen in the construct with gross stem taper failure whereas only minimal material transfer was seen on the constructs without gross failure.
Metrology and visual inspection of the components identified the area of maximum corrosion related material loss to be consistently located on the inferiordistal portion of the femoral head bore, regardless of whether the taper lock-up was proximal or distal. A free body diagram, including the abductor force, would resolve moments about the center of rotation of the system, which by surgical design is intended to be maintained before and after surgery, independent of head size. This indicates that corrosion of the CoCr head occurs in areas of high stress which may be exacerbated by the offset head geometry (Fig. 10) . Material loss on the head bore progresses linearly with time at a rate four times higher than that on the stem tapers prior to 65 months in vivo. A lack of stem tapers depicting medium-term (i.e., less than 60 mos.) taper degradation instead suggests a rapid degradation or abrasion process beginning once certain criteria have been met. Our series suggests an incubation period of about 65 months in vivo prior to visible material loss on the stem taper. Although some material loss is measured on the stem taper prior to 65 months in vivo, the magnitude of loss on the stem taper remains, on average, three times less than that seen on the corresponding head bore. This suggests that very little material is lost from corrosion of the stem taper while the taper lock is engaged and the onset of extensive stem taper degradation or abrasion is secondary to corrosion of the head bore. Our analysis suggests that material loss of at least 50 mm on the head bore may be sufficient to allow an increase in relative motion between the head bore and stem taper, leading to loosening of the taper lock and grinding of the stem taper. Once a critical quantity of the stem taper material has been lost, interface instability and subsequent disassociation occurs. This is in agreement with the mechanism presented by Morlock et al. who showed that extensive material loss on the head allows the stem taper to bottom out on the head, ultimately causing failure of the stem taper. 34 It has been proposed that increased stresses at the head-neck junction due to offset geometry and patient factors encouraged relative motion, exacerbating wear and corrosion of the stem taper without necessitating a change in head geometry. 6 Initial work alternatively suggested that the greater Young's modulus difference between TMZF and CoCr encouraged greater relative motion. 18 The presented work suggests that first the CoCr head corrodes which then allows for increased relative motion and abrasion of the stem taper. This is in keeping with other work in our laboratory on corrosion mechanisms. 35 Another hypothesis potentially linking gross taper wear and material centers on the hardness of TMZF relative to Ti6Al4V, 20, 26 since the hardness of a material generally correlates with wear resistance. We directly compared Ti6Al4V against TMZF and found that the hardness of TMZF was comparable to that of Ti6Al4V. We recognize that differences in the hardness of Ti6Al4V can be achieved with different heat treatments, 28, 29 but still remain close to the hardness of TMZF. It should be recognized that although the hardness of TMZF is similar to that to Ti6Al4V, TMZF was developed as an alternative titanium-based alloy with a lower Young's modulus to reduce stressshielding in bone. 27 This may also contribute to a decrease in the flexural rigidity of the stem taper which has been suggested to exacerbate corrosion via increased micro-motion at the head-neck junction. 10, 36 It has furthermore been suggested that a synergistic corrosion-wear mechanism promotes degradation of TMZF in vivo where Ti6Al4V is unaffected. 26 In comparison to the values reported in the present work, quantitative corrosion analyses of taper junctions have generally reported much smaller material loss measurements on CoCr head bores interfacing with Ti6Al4V stem tapers, on the order of 1 mm 3 with a linear depth of 6 mm. 35, 37 Clinical failures occur in this series when the linear depth due to corrosion exceeds 50 mm. This suggests that the threshold to initiate the pathway to clinical failure is rarely reached in previously reported Ti6Al4V systems. While some studies have shown comparable electrochemical behavior between TMZF and Ti6Al4V, 26, 27 the electrochemical relationship between TMZF and CoCr has not been reported. An increased galvanic response between TMZF and CoCr or a greater metallurgical vulnerability to corrosion would encourage greater material loss and subsequent loosening of the taper lock. Contributions could also be made from taper mismatch. Distal taper engagement would increase residual stresses in the area where we observed greatest material loss. Proximal engagement may increase stress amplitude during cyclic loading. Though the median measured taper angles suggest proximal engagement, measurements also suggest inconsistencies in taper angle on the head bore which may influence the corrosion profile across the taper. Though validation of the electrochemical behavior of TMZF may need to be performed, our data suggest the TMZF-CoCr system may be susceptible to corrosion of the head bore under stress. It is unknown how coupling geometries in this particular material combination might affect corrosion patterns and rate, but recent work has shown that corrosion behavior and extent can vary depending on material coupling and microstructure. 38 A potential confounding factor is that in August 2016 the manufacturer initiated a voluntary recall for specific lots and sizes of Stryker LFIT Anatomic CoCr v40 femoral heads manufactured prior to 2011 due to "higher than expected complaints of taper lock failure." Recalled lots included head sizes of 36, 40 and 44 and þ4, þ5, þ8, and þ12 offsets. To examine the interaction of this potential confounding variable, we identified lot numbers for heads within our series; all but one head lot number were identified. All heads in our series with identifiable lots were included in the recall list.
By examining and measuring both head bores and stem tapers from a set of 21 implants of a design previously reported to exhibit in vivo head dissociation with concomitant gross taper abrasion, we observed a bifurcated pattern, with disassociation only observed in implants of greater than 65 months in vivo duration and 50 mm of material loss. In both our series and in literature reports, gross taper wear occurred in wellfixed implants, implying that revision after disassociation will be clinically more challenging, with the concomitant associated risks of increased operating time, inter operative complications, and possibly modified post-operative care.
Because of the difficulty of revision surgery and the possible substantial bone loss during access to facilitate removal of a well-fixed stem, the orthopedic surgery community should be aware of the existence, however rare, of disassociation and gross trunnion failure in titanium alloy stems. Our data, obtained by comparing gross failure and intact systems, suggest a failure mechanism of slow corrosion and material loss at the head-stem taper interface, followed by rapid abrasion of the titanium stem once taper lock is lost.
CONCLUSION
We characterized taper degradation and associated subsequent disassociation of the femoral head in a series of retrievals. All catastrophic failures occurred after at least 65 months in vivo. Results suggest steady corrosion of the head over time leading to loss of taper lock-up. A threshold of 50 mm of material loss on the inferior-distal portion of the head bore is required prior to gross loosening of the taper lock. Resulting relative motion between the stem taper and head bore aggressively wears away the stem taper, causing macromotion and eventual disassociation. While the vast majority of titanium alloy stems perform well, clinicians should be aware of the potential for gross taper wear and head disassociation.
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